The calculation of energy levels and wave functions of ͑CdTe͒ 1 ͑ZnTe͒ 2 /ZnTe short-periodsuperlattice multiple quantum wells is performed. It indicates that there may be above-barrier excitons localized in the ZnTe barrier layer. The photoluminescence arising from recombination of the above-barrier excitons has been observed. © 1994 American Institute of Physics.
1 proposed a new structure in which the CdTe wells in CdTe/ZnTe multiple quantum wells are replaced by ͑CdTe͒ m ͑ZnTe͒ n short-period superlattices ͑SPSL͒ to form ͑CdTe͒ m ͑ZnTe͒ n /ZnTe short-periodsuperlattices multiple quantum wells ͑SSQW͒. The thickness of ͑CdTe͒ m and ͑ZnTe͒ n in quantum wells was controlled to be thinner than the critical value, 2 thus avoiding the generation of misfit dislocation. Yoshimura et al. 3 reported a very narrow exciton luminescence peak from the SSQW structure, confirming its high crystalline quality. Zhang et al. 4 observed overtones up to 13th order for the ZnTe longitudinal-optical phonon in such structures.
In this letter, we present a calculation of the electronic energy states and photoluminescence ͑PL͒ measurement of a ͑CdTe͒ 1 ͑ZnTe͒ 2 /ZnTe SSQW. The calculation indicates that there is an above-barrier electronic state ͑e B1 ͒ with its energy higher than the conduction-band edge of the ZnTe. The wave function of the e B1 state is strongly localized in the thick ZnTe barrier of the SSQW. An exciton emission peak with energy larger than the band gap of ZnTe was observed in the PL spectra. It is identified as originating from recombination transitions of the excitons relating the e B1 state to highest light-hole ͑lh 1 ͒ and to above-barrier heavy-hole ͑hh B1 ͒ states; both are also localized in the thick ZnTe barrier.
The sample used in the study is composed of SSQW, a ZnTe buffer layer, and a GaAs ͑100͒ substrate. The ZnTe buffer layer with thickness of 1 m was deposited on the GaAs substrate by molecular-beam epitaxy and the SSQW was grown on the buffer layer by the atomic layer epitaxy technique. The well and barrier of the SSQW are a ͑CdTe͒ 1 ͑ZnTe͒ 2 SPSL with nine periods and 60 monolayer ͑ML͒ of ZnTe, respectively. The repeated number of the unit cell of the SSQW is 10. For the PL measurements the sample was mounted in a cold finger of a closed-cycle cryostat and the sample temperature was kept at 10 K.
To calculate the electronic energy levels and wave functions of the SSQW, we generalized the usual one-band Kronig-Penney model [5] [6] [7] [8] to the case of a multilayer within each unit cell of the SSQW. Considering that the SSQW was grown on ZnTe buffer and the CdTe layer is as thin as 1 ML, it is reasonable to assume that the SSQW structure was pseudomorphic, i.e., its in-plane lattice parameter equals that of the ZnTe buffer. Thus there is no strain in the ZnTe layer and the conduction-and valence-band edges of the ZnTe layers remain unaltered. The CdTe layers experience a compressive strain. The effect of the strain on the band edges was included in the calculation with the method described in Ref.
6. The main effect is to push the CdTe conduction-band edge upward and split the CdTe valence degeneracy ͓heavy-hole ͑hh͒ band upward, light-hole ͑lh͒ band downward͔. The zerostrain valence-band offset ͑VBO͒ between CdTe and ZnTe was chosen to be zero. 9 The band-edge energies and effective masses of the conduction, hh, and lh bands in CdTe layers ͑stressed͒ and ZnTe layers ͑unstressed͒ are listed in Table I. The energy-band alignment of ͑CdTe͒ 1 ͑ZnTe͒ 2 /ZnTe SSQW is shown in Figs. 1. It is a type I for e-hh and type II for e-lh, as shown in Figs. 1͑a͒ and 1͑b͒, respectively. Figure 1 also shows the calculated energy levels and the square of wave functions of the states which are substantially involved in the photoluminescence processes. While the energy states of the lowest conduction band ͑e 1 ͒, the highest valance-band heavy hole ͑hh 1 ͒ and light hole ͑lh 1 ͒ being, respectively, in electron, heavy-hole, and light-hole potential wells, there are states e B1 and hh B1 with energy levels higher than quantum barriers. They are above-barrier states. The square of wave functions of the above-barrier states are localized in the thick ZnTe barrier layer of the SSQW, as shown in Fig. 1 . The energy values of all the states mentioned above are listed in Table II . The above-barrier exciton in II-VI systems has been studied via absorption and transmission spectra by Zhang et al. in ZnCdSe/ZnMnSe type-I SL 10 and in CdSe/ZnMnTe type-II SL. 11 We have here a CdTe/ZnTe system which is type I for electron and heavy holes and type II for electron and light holes. Our calculation indicates the existence of the above-barrier excitons in the mixed-type CdTe/ZnTe system. Such kinds of above-barrier states have been observed in our PL measurement of the ͑CdTe͒ 1 ͑ZnTe͒ 2 /ZnTe SSQW sample. Figure 2 is the PL spectrum with an energy range around the ZnTe gap at 10 K temperature. There are four PL peaks in Fig. 2 . Among them, peak A ͑2.380 eV͒, peak B ͑2.370 eV͒, and peak C ͑2.357 eV͒ have energies lower than that of the ZnTe gap ͑2.391 eV͒. 12 They can be identified as free exciton, and excitons bound to neutral shallow acceptors and deep acceptors in the ZnTe buffer layer, respectively. 13 The energy of peak A* ͑2.392 eV͒ is 12 meV higher than that of the ZnTe free exciton peak ͑2.380 eV͒. In view of the fact that the binding energy of free exciton in ZnTe is about 13 meV, 13,14 the peak A* at 2.392 eV cannot be due to the exciton transition in the ZnTe buffer layer. The highest exciton energy reported so far for ZnTe epilayer on a GaAs substrate was 2.385 eV and ascribed to the 2s state of the lighthole exciton. 14 We assign peak A* at 2.392 eV to the FIG. 1. The energy-band alignment and the calculated energy levels and square of wave function of the lowest conduction band ͑e 1 ͒, the highest valence-band heavy hole ͓hh 1 in ͑a͔͒ and light hole ͓lh 1 in ͑b͔͒ and above-barrier states of electron ͑e B1 ͒ and of heavy hole ͓hh B1 in ͑a͔͒ for a ͑CdTe͒ 1 ͑ZnTe͒ 2 /ZnTe SSQW structure. The value of energy-band edges and energy levels are listed in Tables I and II, respectively. recombination of the excitons, relating e B1 to lh 1 and e B1 to hh B1 . Both are above-barrier excitons. The above-barrier exciton transition are of type I because the states e B1 , lh 1 , and hh B1 are all localized in the same thick ZnTe barrier layer of the SSQW. The calculated energies for e B1 -lh 1 and e B1 -hh B1 transitions are 2.401 and 2.397 eV, respectively. Considering that the exciton binding energy in ZnTe is about 13 meV, the agreement of experiment result and theoretical calculation is well. The photoluminescence of a localized above-barrier exciton has been observed very recently in a GaAs/AlGaAs hyperlattices by Zahler et al. 15 The luminescence observation of a above-barrier exciton in a strained-layer heterostructure, however, has not been reported up to now to the best of our knowledge. The reason may be twofold. First, the transition energies of the above-barrier excitons are higher than that of the transition related to the states in quantum wells. It makes the luminescence of the above-barrier exciton transition experience strong self-absorption before emitting out of the sample. The observed luminescence intensity of above-barrier exciton transitions should be much less than that of exciton transitions in quantum wells. Second, the relaxation of the misfit strain will generate dislocations. It provides a nonradiative recombination channel and weakens the luminescence. In the GaAs/AlGaAs case, the luminescence intensity of the above-barrier excitons is five orders less than that of excitons in a quantum well. 15 The realization of luminescence observation of an above-barrier exciton in our strained-layer ͑CdTe͒ 1 ͑ZnTe͒ 2 /ZnTe SSQW sample therefore provides strong evidence of the high crystalline quality that the sample possessed. The high quality of the sample structure is also supported by the narrow width of the peak A* ͑about 5 meV͒, which is much less than the typical value ͑30-40 meV͒ of type-I hh and type-II lh exciton transitions in previous photoluminescence studies of conventional CdTe/ZnTe superlattices.
6, 16 -18 We wish to emphasize that the high crystalline quality of the SSQW structure is closely related to its pseudomorphic growth on ZnTe buffer. Since the thickness of the CdTe layer does not exceed the critical value, the CdTe layer is coherently grown on the ZnTe layer and no misfit dislocation generates.
In summary, our calculation of the energy levels and wave functions for the ͑CdTe͒ 1 ͑ZnTe͒ 2 /ZnTe SSQW indicates that there are above-barrier excitons localized in the thick ZnTe barrier layer. It is related to the above-barrier electronic state ͑e B1 ͒, the highest light-hole state ͑lh 1 ͒, and the above-barrier heavy-hole state ͑hh B1 ͒. The photoluminescence arising from recombination of the above-barrier excitons has been observed in our SSQW sample. Such PL observation requires high crystalline perfection. 
